A pressure driven mϭ1/nϭ1 mode is excited by lower hybrid current drive in the WT-3 tokamak ͓T. Maehara et al., Nucl. Fusion 38, 39 ͑1998͔͒. The excitation of the mode is accompanied with the decrease of the magnetic shear and with the peaking of the soft x-ray emissivity profile inside the qϭ1 surface. The crescent-shaped mode structure appeared on the contour map of the soft x-ray emissivity is consistent with that of the quasi-interchange mode. The mϭ1 mode can be suppressed by electron cyclotron heating near the qϭ1 surface. The range of the location of the electron cyclotron resonance layer effective for the complete suppression is much wider and the time scale for the suppression is much faster than those in the case of the suppression of the tearing mode in the ohmic heating plasma.
I. INTRODUCTION
Suppressions of low mode number magnetohydrodynamic ͑MHD͒ activities in tokamaks have long been the subject of intense study, related to the suppression of the major disruption and the improvement of the confinement. It is noticeable that electron cyclotron heating ͑ECH͒ yields a welllocalized modification of the electron temperature profile near the electron cyclotron resonance ͑ECR͒ layer. Therefore, ECH is a powerful tool to suppress MHD instabilities in tokamaks.
In these ten years, ECH has been found to suppress MHD activities effectively in many tokamaks. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] The sawtooth oscillations were suppressed by applying ECH at the qϭ1 surface in DIII-D 1 and WT-3. 2, 3 In WT-3, the suppression was ascribed to a modification of the current profile in such a manner as to lower the magnetic shear locally at the qϭ1 surface. 2 On the other hand, the effectiveness of ECH for the suppression of the classical mϭ2/nϭ1 tearing mode, which was driven by the gradient of the plasma current at the qϭ2 surface, has been pointed out by theoretical calculations. [12] [13] [14] [15] The mϭ2 tearing mode suppression was observed when the ECR layer was located on a narrow region near the qϭ2 surface in Tokamak-10 ͑T-10͒, 5 Jaeri Fusion Torus-2M ͑JFT-2M͒ 7 and WT-3. 10, 11 A possible mechanism of the suppression was the current profile modification in the vicinity of the qϭ2 surface through the modified plasma conductivity by ECH. 9, 12, 13 In JFT-2M, 8 direct ECH of the O-point of the mϭ2 tearing mode was quite effective to avoid a major disruption.
Recently, neoclassical tearing modes were observed in neutral beam heated super shots on Tokamak Fusion Test Reactor ͑TFTR͒ and they caused a strong deterioration in the plasma performance. 16 Their excitation was related to the neoclassical current which was driven by a pressure gradient in the high beta plasma. 17 In a recent experiment on Axial Symmetric Divertor Experiment Upgrade ͑ASDEX Upgrade͒, 18 electron cyclotron current drive ͑ECCD͒ at the O-point was found to be effective to suppress the neoclassical tearing mode. Similarly, various pressure driven MHD instabilities were observed in tokamaks [19] [20] [21] and they have attracted attention related to the confinement. However, there was no experiment to control pressure driven MHD instabilities except for that in ASDEX Upgrade. In WT-3, an mϭ1/nϭ1 mode is excited by applying lower hybrid current drive ͑LHCD͒ in an ohmic heating ͑OH͒ plasma. The excitation of the mode is accompanied with the decrease of the magnetic shear and with the peaking of the soft x-ray ͑SXR͒ intensity profile inside the qϭ1 surface, suggesting that this mode is a pressure driven mode. This mode resembles those observed in Princeton Large Torus ͑PLT͒ 22 and ASDEX 23 where the current profile was flattened in the central region and the electron temperature profile was fairly peaked by applying LHCD. In WT-3, ECH is found to be quite effective for the suppression of the pressure driven mϭ1 mode in the LHCD plasma. The range of the location of the ECR layer effective for the complete suppression is much wider compared with that in the previous suppression experiment of the mϭ1 and mϭ2 tearing modes in the OH plasma. 10, 11 In addition, the time scale for the suppression of the pressure driven mϭ1 mode is much e͒ faster than those for the suppression of the mϭ1 and mϭ2 tearing modes. These results suggest that the suppression mechanism of the pressure driven mϭ1 mode in the LHCD plasma is different from that of the previous suppression experiment on the mϭ1 and mϭ2 tearing modes in the OH plasma.
In Sec. II, we will describe the experimental apparatuses. The experimental results will be shown in Sec. III, discussed in Sec. IV, and summarized in Sec. V.
II. EXPERIMENTAL APPARATUS
The experiments are carried out in the WT-3 tokamak, with major and minor radii of R 0 ϭ65 cm and aϭ20 cm, respectively. The toroidal magnetic field at RϭR 0 is B T р1.75T. The radio frequency ͑rf͒ power for LHCD is generated with a klystron amplifier ( f LHCD ϭ2 GHz, P LHCD р350 kW) and injected into the plasma via two stacked four-waveguide launchers with a waveguide phasing of ⌬ ϭ/2. The parallel refractive index of the launched LH waves is in the range of N ʈ ϭ1 -6 for the upper launcher and N ʈ ϭ1 -4.2 for the lower one ͑Fig. 1 of Ref. 24͒. The power source of ECH is an 89 GHz gyrotron ( P ECH р150 kW). Microwaves from the gyrotron are transferred through a quasi-optical transmission line as a Gaussian beam and injected into the torus from the low field side using a focusing mirror in order to concentrate the ECH power around the plasma center. The launching angle is perpendicular to the toroidal magnetic field and the excited EC wave propagates in X-mode and is absorbed at the second-harmonic ECR layer, R ϭ2⍀ e .
The MHD activities are detected by magnetic probes and SXR detectors. Four sets of magnetic probe arrays are installed 90°apart from each other around the torus. Each array has 12 magnetic probes which surround the plasma poloidally. In order to investigate the internal MHD activities in detail, we install five SXR detector arrays which surround the plasma poloidally as shown in Fig. 1 . Each array has 20 detectors sensitive to SXR in the photon energy range of hϭ0.2-27 keV. The spatial structure of the SXR emissivity is reconstructed by computerized tomography ͑CT͒. 25 The other three SXR detector arrays at different toroidal locations are used for the measurement of the toroidal mode number of MHD oscillations.
III. EXPERIMENTAL RESULTS

A. Excitation of a pressure driven m‫1؍‬ mode by LHCD
The OH plasmas with the safety factor of q L Ӎ3 at the limiter and the line averaged electron density of n e Ӎ0.7 ϫ10 13 cm Ϫ3 are used for the target plasma. Figure 2 shows a typical shot for the excitation of a pressure driven mϭ1 mode by LHCD. The temporal evolution of plasma current 
FIG. 2. ͑A͒
Waveforms of ͑a͒ plasma current I P , ͑b͒ loop voltage V loop , ͑c͒ safety factor q L at the limiter, ͑d͒ line averaged electron density n e along the vertical chord at R 0 ϭ65 cm, the center of the vacuum vessel and ͑e͒ a magnetic probe signal. LHCD ( P LHCD ϭ100 kW) is applied after 51 msec. The temporal evolution of the reconstructed soft x-ray emissivity, I SX (r/a,t), at local locations r along the major radius across the magnetic axis is shown in ͑f͒-͑l͒. The temporal evolution of the radius and the width of the m ϭ1 mode is shown in ͑m͒. The closed squares show the location of the peak of the mϭ1 mode. The vertical bars represent the full width at half-maximum of the mϭ1 mode structure. ͑B͒ Figures (eЈ) -(lЈ) show waveforms in ͑e͒-͑l͒ on an extended scale in the time window, indicated by the horizontal bar in the figure ͑a͒.
͓Fig. 2͑a͔͒, loop voltage ͓Fig. 2͑b͔͒, safety factor q L ͓Fig. 2͑c͔͒, line averaged electron density ͓Fig. 2͑d͔͒ and a magnetic probe signal ͓Fig. 2͑e͔͒ is shown. Figures 2͑f͒-2͑l͒ show the time evolution of the local SXR emissivity reconstructed by the SXR CT, I SX (r/a,t), at several points r along the major radius across the magnetic axis. Here, r ϭRϪR C and R C (ϭ66.5 cm) is the plasma center estimated from the magnetic measurement 26 and the SXR profile. Before LHCD, a stationary excited mϭ2/nϭ1 mode is observed on the magnetic probe signal ͓Fig. 2͑e͔͒. The frequency is f Ӎ8 kHz and the amplitude is as large as B /B Ӎ10 Ϫ2 . Here, B denotes the time averaged value. This mode can be also observed on I SX (Ϯ0.8,t) ͓Figs. 2͑f͒ and 2͑l͔͒. There is also an mϭ1/nϭ1 mode 10, 11 at ͉r͉/aӍ0.4 ͓Figs. 2͑g͒ and 2͑k͔͒. It has the exactly same frequency as that of the mϭ2 mode. The oscillation amplitude of the m ϭ1 mode is comparable with that of the mϭ2 mode ͓ Ĩ SX (Ϯ0.4,t)/Ĩ SX (Ϯ0.8,t)Ӎ2.5, where Ĩ SX ϭI SX Ϫ Ī SX and the over bar on I SX denotes the time averaging over 1 msec͔. In addition to the mϭ1 and mϭ2 modes, a sawtooth oscillation is observed on I SX (0.0,t), as shown in Fig. 2͑i͒ . The amplitude of the sawtooth oscillation is smaller than that of the mϭ1 mode.
By the application of LHCD, the loop voltage decreases from V loop ϭ2.4 to 1.0 V ͓Fig. 2͑b͔͒. The plasma current and q L are kept nearly constant ͓Figs. 2͑a͒ and 2͑c͔͒. About 60% of the total plasma current is replaced by the LH driven current. The line averaged electron density increases gradually during LHCD from n e ϭ0. Following this, a new mϭ1/nϭ1 MHD oscillation with a frequency of f Ӎ3 kHz suddenly appears ͓Figs. 2͑g͒-2͑k͔͒. Hereafter, we refer to this mϭ1 mode as the LHCD mϭ1 mode in distinction from the OH mϭ1 mode. The oscillation amplitude of the LHCD mϭ1 mode at ͉r͉/aӍ0.4 ͓Figs. 2͑g͒ and 2͑k͔͒ quickly grows and saturates in about one period of the oscillation and then becomes stationary. On the contrary, the oscillation amplitude on the SXR signals at ͉r͉/aӍ0.2 gradually increases after the onset and reaches the maximum around tϭ61-62 msec as shown in Figs. 2͑h͒ and 2͑j͒.
We can find the radius of the peak amplitude (r mϭ1 ) and the width of the mϭ1 mode structure from the Ĩ SX (r/a,t) radial profiles. The temporal evolution of r mϭ1 /a is shown in Fig. 2͑m͒ . The vertical bars represent the full width at half-maximum of the mϭ1 mode structure. In the OH plasma, the mϭ1 mode is localized around r mϭ1 /aӍ0.38 and the width of the mode is kept constant until applying LHCD. The radius r mϭ1 is considered to be near the qϭ1 surface. We cannot measure the inversion radius of the sawtooth collapse due to the large amplitude of the mϭ1 mode. Therefore, we apply the biorthogonal decomposition 27 to the SXR detector signals and separate the mϭ1 mode and the sawteeth. It is found that the inversion radius of the sawtooth collapse is equal to the radius r mϭ1 . Therefore, we refer to r mϭ1 of the OH plasma as the original qϭ1 radius for convenience. After LHCD on, the OH mϭ1 mode is suppressed and a double mϭ1 mode structure is observed. The locations of the inner and the outer modes change temporally, as shown in Fig. 2͑m͒ . Therefore, the amplitude of the two m ϭ1 oscillations on the local SXR emissivity signals ͓Figs. 2͑gЈ͒, 2͑hЈ͒, 2͑jЈ͒, and 2͑kЈ͔͒ does not have a steady value during this time. Then, the double mϭ1 mode disappears and after short time interval the LHCD mϭ1 mode appears. After the appearance, the width of the mode expands gradually and it saturates around tϭ60 msec. The width of the LHCD mϭ1 mode extends from the plasma axis to the radial position of ͉r͉/aӍ0.4. The LHCD mϭ1 mode is found to share the entire interior domain of the original qϭ1 surface. On the contrary, the OH mϭ1 mode is localized at the original qϭ1 surface. The internal structure of the LHCD mϭ1 mode is quite different from that of the OH mϭ1 mode.
The SXR profile changes in accordance with the change of the MHD activities. In Fig. 3 , the Ī SX (r/a,t) profiles at the time marked by characters ͑I͒, ͑II͒ and ͑III͒ in Fig. 2͑m͒ are shown by three curves. The typical SXR profile in the OH plasma is shown by the curve ͑I͒ in Fig. 3 . The curve ͑II͒ in Fig. 3 shows the profile at about 5 msec after applying LHCD when the double mϭ1 mode structure is observed. ,t) , at the time marked by the characters ͑I͒, ͑II͒ and ͑III͒ in Fig. 2 ͑m͒. The typical profile in the OH plasma is shown by the curve ͑I͒. Profiles about 5 and 10 msec after LHCD on are shown by the curves ͑II͒ and ͑III͒, respectively. In order to remove fluctuation components on the soft x-ray profile, each profile is time averaged during the period which is shown by thick horizontal bars in Fig. 2͑m͒ .
The curve ͑III͒ in Fig. 3 shows the profile when the width of the LHCD mϭ1 mode expands most. It is found that the target OH plasma has a flat profile near the center. After applying LHCD, the SXR intensity outside the original q ϭ1 surface begins to decrease, while the central profile is not so changed and keeps a flat profile for a while, as shown by the curve ͑II͒ in Fig. 3 . After the time ͑II͒, the central SXR intensity begins to increase ͓Fig. 2͑i͔͒ and finally a peaked profile is produced ͓the curve ͑III͒ in Fig. 3͔ inside the original qϭ1 surface and the LHCD mϭ1 mode appears.
It is found that the excitation of the LHCD mϭ1 mode is closely related to the peaking of the Ī SX profile inside the original qϭ1 surface. Therefore, it may be the case that the LHCD mϭ1 mode is excited by the increase of ␤ p1 . Here, ␤ p1 is the poloidal beta inside the qϭ1 surface and is defined as follows.
Here, p(r) is the pressure profile, r 1 is the radius of the q ϭ1 surface and B is the poloidal magnetic field. As a measure of ␤ p1 , we calculate the numerator of the equation ͑1͒ with replacing the pressure profile p(r) by the Ī SX (r/a,t) profile, on the assumption that the pressure profile p(r) is proportional to the Ī SX (r/a,t) profile. The calculation is the integral of Ī SX (r/a,t)Ϫ Ī SX (r 1 /a,t) inside the qϭ1 surface and it is defined as follows:
Here, we use the radius of the original qϭ1 surface for r 1 .
The time evolution of the integral of the equation ͑2͒ is shown in Fig. 4 . After applying LHCD, the central Ī SX (r/a,t) profile keeps nearly flat for a while, so the integral of the equation ͑2͒ increases only slightly. After 55 msec, it begins to increase clearly. Then, the LHCD mϭ1 mode appears. The radial profile of the electron density in the range ͉r͉/aϭ0 -0.7 is measured by a HCN laser interferometer. The electron density increases over the whole area during LHCD, maintaining the same profile. It was found empirically that in these experimental conditions on WT-3 there was almost linear relation between the electron temperature and the SXR intensity 29 if the density was kept constant. In addition, we have measured the electron temperature of a similar LHCD plasma accompanied with the LHCD mϭ1 mode by a Thomson scattering apparatus. The electron temperature at the plasma center increased slightly (T e ϭ600 →700 eV just after the excitation of the LHCD mϭ1 mode͒, while that at r/aϭ0.5 decreased (T e ϭ400→150 eV). 30 These results indicate that the peaking of the Ī SX profile during LHCD represents the peaking of the electron temperature profile rather than the impurity accumulation. Therefore, it may be reasonable to use the value evaluated from the equation ͑2͒ for the study of the time evolution of ␤ p1 as shown in Fig. 4 .
Although we do not measure the current profile directly, the change of the q profile can be suggested from the behavior of the mϭ1 mode. The time evolution of the amplitude of the mϭ1 mode after applying LHCD is shown in Fig.  5͑a͒ . In Fig. 5͑b͒ , it is shown with the enlarged vertical scale to enhance the visibility of the temporal evolution of the double mϭ1 mode. After applying LHCD, the amplitude of the OH mϭ1 mode is reduced, as shown in Fig. 5͑a͒ . After 53.5 msec, the inner mϭ1 mode appears in addition to the outer mϭ1 mode. The amplitudes of both mϭ1 modes begin to increase and saturate with small amplitude ͓Fig. 5͑b͔͒. The appearance of the double mϭ1 mode indicates that the safety factor at the magnetic axis, q 0 , increases to be q 0 Ͼ1 and there are two qϭ1 surfaces after 53.5 msec. Therefore, the magnetic shear seems to be reversed in the central region. After 56 msec, the amplitude of the inner mϭ1 mode and then that of the outer mϭ1 mode start to decrease. On the other hand, only small change of the r mϭ1 of both modes is observed during 56-58 msec, as shown in Fig. 2͑m͒ . Finally, both modes disappear completely at about 58 msec. During 58-59 msec, no mϭ1 mode is observed on the SXR signals. These results suggest that after 56 msec the magnetic shear at the two qϭ1 surfaces begins to decrease without changing the location of the qϭ1 surfaces and the q 0 begins to decrease to be q 0 Ӎ1. The q profile in the central region seems to become flat with qӍ1 before the appearance of the LHCD mϭ1 mode. On the other hand, the mϭ2 mode is completely suppressed by LHCD, suggesting that the current gradient at the qϭ2 surface may be reduced. These change of the current profile in both the central region and the peripheral region will result in the steepening of the current profile near the qϭ1.5 surface. This is one of the plausible accounts for the appearance of the mϭ3/nϭ2 oscillation.
The flattening of the current profile and the peaking of the Ī SX profile inside the original qϭ1 surface just before the onset of the LHCD mϭ1 mode suggest that this mode is driven by the pressure rather than the current gradient. In addition, the time interval between the disappearance of the double mϭ1 mode and the excitation of the LHCD mϭ1 mode is much shorter (ϳ1 msec) than the time scale of the global change of the current profile (ϳ10 msec). Therefore, it seems to be reasonable that the current profile in the central region keeps flat even after the excitation of the LHCD mϭ1 mode and the excitation cannot be ascribed to the steepening of the current gradient. Figure 6 shows a typical shot for the suppression of the LHCD mϭ1 mode by ECH. Here, the ECR layer is located at ͉r͉/aϭ0.34 in the high field side and ECH is turned on at the time when the LHCD mϭ1 mode expands most. After ECH on, the mode is suppressed quickly in about two periods of the oscillation (ϳ0.5 msec) ͓Figs. 6͑a͒ and 6͑b͔͒ as the integral of the equation ͑2͒ is decreasing ͓Fig. 6͑d͔͒. When the LHCD mϭ1 mode is completely suppressed, the Ī SX increases at the plasma center as well as at the ECR layer as shown in Fig. 7 . The gradient on the Ī SX profile, dĪ SX (r/a,t)/d͉r͉, become positive around ͉r͉/aӍ0.25.
B. Suppression of the pressure driven m‫1؍‬ mode by ECH
The hard x-ray intensity I HX , in the range of h ϭ35-500 keV, does not change by ECH as shown in Fig.  6͑h͒ . Four SXR detectors viewing the whole plasma column are installed. They have Be foils of different thicknesses by which the manifestation of the microwave absorption by tail or bulk electrons can be checked. They are sensitive to SXR in the range of 0.2-27, 0.9-27, 1.7-27 and 2.5-27 keV with more than 10% detection efficiency. Although the SXR signals of 0.2-27 and 0.9-27 keV clearly increase ͓Fig. 6͑f͔͒, those of 1.7-27 and 2.5-27 keV increase only slightly ͓Fig. 6͑g͔͒. The line averaged density does not change as shown in Fig. 6͑e͒ . These results indicate the bulk electron heating by ECH.
The ray tracing calculation shows that the single pass absorption of the EC wave is about 60% under the experimental condition. The profiles of the electron density and temperature of the target plasma are assumed to be n e (r) ϭn e0 (1Ϫr 2 /a 2 ) and T e (r)ϭT e0 (1Ϫr 2 /a 2 ) in the calculation, where T e0 ϭ400 eV, n e0 ϭ1.0ϫ10
13 cm Ϫ3 and B T ϭ1.47 T.
Responses of the LHCD mϭ1 mode for the various locations of the ECR layer are investigated systematically. The location of the ECR layer is scanned by changing both B T and I P with q L to be kept constant. The complete suppression is obtained when the ECR layer is located in the range of ͉r͉/aӍ0.27-0.40 as shown in Fig. 8͑a͒ . It is noted that the time needed for the complete suppression after ECH on is in the range of tӍ0.4-0.75 msec and depends only weakly on the location of the ECR layer as shown in Fig. 8͑b͒ . When the ECR layer is located in this region, the positive gradient on the Ī SX profile is always observed and the integral of the equation ͑2͒ is decreased. When the ECR layer is positioned near the center of the plasma or in the ͉r͉/aу0.5 region, there is no suppression of the LHCD mϭ1 mode. In this case, the decrease of the integral of the equation ͑2͒ is not observed.
IV. DISCUSSIONS
The excitation of the LHCD mϭ1/nϭ1 mode is accompanied with the decrease of the magnetic shear and with the FIG. 6 . Waveforms of plasma parameters of a typical shot with ͑solid line͒ and without ͑dashed line͒ ECH. ͑a͒-͑c͒ The temporal evolution of reconstructed soft x-ray signals I SX at r/aϭϪ0.4,Ϫ0.2 and 0.0. ECH ( P ECH ϭ100 KW) is applied after 61.2 msec to the LHCD plasma. ͑d͒ The time evolution of the integral of Ī SX (r/a,t)Ϫ Ī SX (r 1 /a,t) inside the original q ϭ1 surface is shown by closed triangles ͑with ECH͒ and open squares ͑without ECH͒. The others are waveforms of ͑e͒ line averaged electron density n e , ͑f͒ soft x-ray detector signals which are viewing the whole plasma column and are sensitive to 0.9-27 keV ͑g͒ 2.5-27 keV, and ͑h͒ a hard x-ray signal I HX which has a viewing chord through the plasma center.
FIG. 7.
Reconstructed soft x-ray profiles, Ī SX (r/a,t), with ͑solid line͒ and without ͑dashed line͒ ECH. The location of the ECR layer is indicated by an arrow.
peaking of the Ī SX profile inside the original qϭ1 surface, which suggests that this mode is a pressure driven mode. One of possible candidates for the identity of the pressure driven mϭ1/nϭ1 mode is the internal kink mode. The internal kink mode is excited by the pressure inside the qϭ1 surface and for the excitation it requires ␤ p1 у0.3 for the usual current profile. 28 However, in the present experimental condition ␤ p1 is estimated to be as low as Ϸ0.02, which is much less than the threshold for the excitation of the internal kink mode. Therefore, at first glance the internal kink mode may be excluded from candidates for the identity of the LHCD mϭ1 mode. On the other hand, it was theoretically shown that when the q profile became flat inside the qϭ1 surface with q 0 Ӎ1 at the magnetic axis, the critical ␤ p1 required for the instability was reduced. 31 In this case, the plasma displacement accompanied with the instability takes the form of a convection of the quasi-interchange type rather than a rigid shift.
Since the magnetic shear is found to be reduced before the excitation of the LHCD mϭ1 mode, this ''quasiinterchange'' mode may be the case. We investigate the time evolution of the internal mode structure of the LHCD m ϭ1 mode on the contour map of the SXR emissivity, as shown in Figs. 9͑a͒-9͑c͒ . The point ''ϫ'' in each figure shows the location of the peak of the SXR emissivity. One of the contours is shown by the dashed line in each figure. Although just after the mode onset the shift of the ''ϫ'' point is small, as shown in Fig. 9͑a͒ , the dashed contour is somewhat distorted. The shift of the ''ϫ'' point gradually increases, as shown in Figs. 9͑b͒ and 9͑c͒ , and the shape of the dashed contour becomes crescent. Such a crescent shape is a distinctive characteristic of the quasi-interchange mode. 31 The fact that the LHCD mϭ1 mode is not a resistive instability seems appear in the experimental results on the suppression by ECH. Namely, the range of the location of the ECR layer where the complete suppression is obtained is much wider (⌬r/aӍ0.13) compared with the previous cases of the suppression experiments of the tearing modes (⌬r/a Ӎ0.05) 10, 11 and sawtooth oscillations (⌬r/aӍ0.03) 2, 3 in OH plasmas by ECH. It is also wider than the width of the deposition profile of the ECH power (␦r/aӍ0.04). In addition, the time scale for the suppression of the LHCD mϭ1 mode is much faster (ϳ0.5 msec) than that for the tearing modes in the OH plasma (ϳ2 msec). If the suppression by ECH is due to the current profile modification, for the complete suppression it may take a time corresponding to the current diffusion time defined by a formula, ϭ 0 (dr) 2 /, where is the parallel resistivity near the qϭ1 surface and dr is the length from the heating layer to the qϭ1 surface. Here is estimated to be Ϸ1.3 msec with drϭ⌬r/2 using the present experimental condition of T e ϭ400 eV and Z eff ϭ2. The estimated time scale is on the same order as the experimental results of the suppression time of the LHCD mϭ1 mode. However, if the suppression is due to the current profile modification, the suppression time will depend on (dr) 2 . However, there is no such strong dependence of the suppression time on the location of the ECR layer in Fig. 8͑b͒ . These results suggest that the suppression cannot be ascribed to the current profile modification. On the contrary, the integral of the equation ͑2͒ ͓Fig. 6͑d͔͒ begins to decrease immediately after ECH on, indicating that the suppression is ascribed to the modification of the pressure profile inside the qϭ1 surface.
Another distinctive feature of the present experiment of the mode suppression is the shape of the dip denoted by a dotted line in Fig. 8͑a͒ , which takes a form of the figure ''U.'' In the suppression experiment of the OH tearing mode by ECH, on the contrary, the suppression dip takes a form of the figure ''V,'' that is, the complete suppression is obtained only at the ECR location corresponding to the bottom of the figure ''V. '' 5,7,10,11 When the location of the ECR layer is outside of this very point, only incomplete suppression is obtained. A computer simulation 15 suggested that this character was ascribed to the location of EC heating zone on the magnetic island of the tearing mode. Namely, if the EC heating layer is just on the O-point, a complete suppression may be obtained. On the other hand, when the heating layer is FIG. 8 . ͑a͒ The oscillation amplitude ratio of the case with ECH ͑1 msec after ECH on͒ and that without ECH for the LHCD mϭ1 mode is plotted as the function of the location of the ECR layer r ϭ2⍀ e . The oscillation amplitude is measured by the soft x-ray detector which has the viewing chord tangential to the peak location of the LHCD mϭ1 mode. The scan of the ECR layer is carried out in the range ͉r ϭ2⍀ e ͉ / aϭ0.10-0.96 in the high field side. The LHCD power ͑100 kW͒ and the ECH power ͑100 kW͒ is held constant during the scan. ͑b͒ The required time for the complete suppression of the LHCD mϭ1 mode is shown. FIG. 9 . The contour maps of the soft x-ray emissivity of the LHCD plasma in the minor cross-section at ͑a͒ 60.1 msec, ͑b͒ 61.7 msec and ͑c͒ 63.4 msec. The mark ''ϫ'' in each figure shows the position of the peak of the soft x-ray emissivity.
located outside the O-point, the width of the magnetic island will shrink. However, the shrinking will be stopped when the heating layer becomes outside of the island. Thus, the suppression dip of the figure ''U'' seems to be inconsistent with the tearing type instability.
Similar stationary excited mϭ1 modes were observed in LHCD plasmas on PLT 22 and ASDEX. 23 In these tokamaks, the sawtooth oscillations could be suppressed by a modest power of LHCD; however, a stationary mϭ1/nϭ1 oscillation was excited in accordance with the increase of the central electron temperature and the flattening of the central current profile. The mϭ1 mode persisted even after the complete suppression of sawteeth. These results suggest that the LHCD induced mϭ1 modes in PLT and ASDEX are the same instability as that observed in WT-3 and these mϭ1 modes are the pressure driven modes. In the present paper, we show further that the internal mode structure of the LHCD mϭ1 mode is of quasi-interchange type by the SXR CT and that the mode can be stabilized by the pressure profile modification using ECH.
In a high toroidal field operation on ASDEX, 23 the LHCD induced mϭ1 mode was absent. In this case, a very high central electron temperature was observed, suggesting that the LHCD induced mϭ1 mode had a very bad effect on the plasma confinement. In the present experiment on WT-3, it is noted that the central Ī SX increases when the LHCD m ϭ1 mode is suppressed by ECH, as shown in Fig. 7 . This may suggest the improvement of the confinement accompanied with the disappearance of the LHCD mϭ1 mode.
V. SUMMARY
The excitation of the LHCD mϭ1 mode is accompanied with the decrease of the magnetic shear and with the peaking of the I SX profile inside the original qϭ1 surface, which suggests that this mode is driven by the pressure rather than the current gradient. The crescent-shaped mode structure appeared on the contour map of SXR emissivity is consistent with the quasi-interchange mode which can be excited when the central q profile is flat with q 0 Ӎ1.
The LHCD mϭ1 mode can be suppressed completely by ECH. The range of the location of the ECR layer effective for the complete suppression is much wider than that in the case of the suppression of the tearing modes in the OH plasma by ECH. The suppression dip versus the location of the ECR layer takes the form of the figure ''U'' which suggests that the suppressed mode is not a tearing mode. On the other hand, the time scale for the suppression is much faster than that in the case of the suppression of the tearing modes by ECH.
In conclusion, the quasi-interchange mode can be stabilized by the modification of the pressure profile inside the qϭ1 surface using ECH.
ACKNOWLEDGMENTS
One of the authors ͑S. Yoshimura͒ would like to thank Professor S. Goto and Professor S. Okada ͑Osaka University͒ for their encouragement. This work was partially supported by a Grant-in-Aid for Scientific Research of the Ministry of Education of Japan.
